The statistics of the fluctuating concentration field within a plume is important in the analysis of atmospheric dispersion of toxic, inflammable and odorous gases. Previous work has tended to focus on concentration fluctuations in single plumes released in the surface layer or at ground level and there is a general lack of information about the mixing of two adjacent plumes and how the statistical properties of the concentration fluctuations are modified in these circumstances. In this work, data from wind tunnel experiments are used to analyse the variance, skewness, kurtosis, intermittency, probability density function and power spectrum of the concentration field during the mixing of two identical plumes and results are compared with those obtained for an equivalent single plume. The normalised variance, skewness and kurtosis on the centre-lines of the combined plume increase with distance downwind of the stack and, in the two-source configuration, takes lower values than those found in the single plumes. The results reflect the merging process at short range, which is least protracted for cases in which the sources are in-line or up to 30 • off-line. At angles of 45 • and more, the plumes are effectively side-by-side during the merging process and the interaction between the vortex pairs in each plume is strong. Vertical asymmetry is observed between the upper and the lower parts of the plumes, with the upper part having greater intermittency (i.e. the probability that no plume material is present) and a more pronounced tail to the concentration probability distribution. This asymmetry tends to diminish at greater distances from the source but occurs in both buoyant and neutral plumes and is believed to be associated with the 'bending-over' of the emission in the cross-flow and the vortex pair that this generates. The results allowed us to identify three phases in plume development. The first, very near the stack, is dominated by turbulence generated within the plume and characterised by concentration spectra with distinct peaks corresponding to scales comparable with those of the counter-rotating vortex pair. A second phase follows at somewhat greater distances downwind, in which there are significant contributions to the concentration fluctuations from both the turbulence internal to the plume and the external turbulence. The third phase is one in which the concentration fluctuations appear to be controlled by the external turbulence present in the ambient flow.
Introduction
The response of biological systems to toxic gases, vapours and odours is generally nonlinear, making it susceptible to concentration fluctuations. Short-term concentration fluctuations, caused by turbulent mixing processes, can be important in determining the hazard caused by industrial releases and accidental emissions, as well as for understanding the behaviour of reacting plumes. In urban areas, emissions from vehicle tailpipes undergo very rapid mixing in the turbulent wake of the vehicles and pass through a number of stages in a few seconds [1] . The dynamics of concentration fluctuations is also important in the study of nanoparticle formation and growth (secondary aerosol) because this is a competitive effect in which the number concentration of particles is increased by the nucleation process but is reduced by coagulation, which is strongly dependent on instantaneous concentration levels [2] . This means that concentration fluctuations in developing plumes is a topic that needs to be understood in detail and then modelled. Analysis of the fluctuating concentration field has been based on full scale experiments [3] [4] [5] , small scale models in wind tunnels [6] [7] [8] [9] [10] and in water channels [11, 12] . Models have been developed to evaluate the intensity of fluctuations and the statistics of exceeding specific concentration thresholds [13] [14] [15] [16] [17] [18] . Remote-sensing with LIDAR systems has also been used to characterize fluctuations in full scale plumes [19, 20] . In Fackrell and Robins [6] wind tunnel simulations were used to investigate the effect of source size on concentration fluctuations in single plumes. In Finn et al. [21] field tracer experiments were used to study concentration fluctuations in plumes dispersing in the urban atmosphere and Pavageau and Schatzmann [22] carried out related work for street canyons based on wind tunnel experiments.
In general terms, laboratory small scale models suffer from the disadvantage that large scale fluctuations in wind directions influence the meandering of plumes, can not be adequately simulated, so that measurements are representative of relatively short time averages at full scale (from a few minutes to about half an hour). Previous research work has mainly concentrated on single plumes, whether from elevated or ground level sources, even though industrial emissions are often characterised by multiple releases from a number of stacks. This is a typical configuration for waste incinerators, power plants and petrochemical complexes. The mixing of plumes in such circumstances involves strong plume to plume interactions, especially for favourable wind directions, that distort cross-sectional shapes and generate extra-rise or "downwash" in comparison with single source reference cases [23] . Releases from multiple stacks have been analysed in some detail to understand the influence of their interactions on the trajectory [24] [25] [26] [27] [28] , the structure and shape of the combined plumes [29, 30] , and on the flow features [31] . Nevertheless, a comprehensive analysis of the effect of the mixing process on the statistical properties of the concentration fluctuations is largely absent.
The objective of the present work was therefore to study the changes in the statistical properties (i.e. concentration probability density functions, power spectra and the first four concentration moments) of the fluctuating concentration field induced by the mixing processes between two identical plumes at different orientations to the approaching flow. The equivalent single plume provides reference conditions against which changes can be measured. Some experiments with neutral releases (i.e. without buoyancy) provide further reference cases for assessing the role of buoyancy. Finally, the observations are contrasted with the well established characteristics of truly passive dispersion (i.e. emissions with no significant buoyancy or momentum effects). In this way an understanding is built of the role of emission conditions and plume merger in buoyant plumes.
Experimental set-up and equipment
The experiments were carried out in the EnFlo (University of Surrey) environmental wind tunnel facility (20 m long working section, 3.5 m wide and 1.5 m tall), operated in neutral conditions with a free-stream velocity, U ref = 2 m/s, maintained constant through a softwarecontrolled feedback system. A schematic diagram of the wind tunnel set-up is shown in Fig. 1a . The H = 1 m deep boundary-layer was artificially generated using five 1.2 m tall Irwin spires [32] located at 1 m from the tunnel inlet, a 190 mm tall barrier placed 0.77 m from the inlet and a staggered distribution of plate-shaped roughness elements (20 mm tall and 80 mm wide) covering the floor of the tunnel with a lateral spacing of 240 mm.
Two stacks, both of height, h = 300 mm (h/H = 0.3), with an internal diameter, D = 5 mm (D/h = 0.017) and a separation, d = 70 mm (d/D = 14), were used for two-source configurations. This separation was chosen because it provides a relatively small effect on plume rise and a relatively long mixing phase of the two plumes [23] , thereby providing scope to study in detail the effects of the mixing on the concentration field. Different angles, φ, of alignment between the stacks and the cross-flow were used. Figure 1b illustrates the set-up and includes the definition of the alignment angle, φ, and the origin of the co-ordinate system. For comparison purposes, single source cases were also studied with D = 5 and 7.1 mm (note that 7.1 = 5 √ 2, equivalent to two perfectly merged plumes). In what follows, the term 'centre-line' is taken to be the line y = 0, z = z P for the single plume and y = y mid , z = z P for the plume pair; z P is the plume height, which is a function of x, and y mid is the mid-way position between the two sources.
Boundary-layer properties were measured with a two-component LDA system, based on a DANTEC BSA 57N11 burst spectrum analyzer. The flow was seeded using a solution of sugar and water in a commercial haze generator placed just outside the tunnel inlet. The seeding was distributed in an acceptably uniform way in the measurement area and the LDA was operated at an average acquisition frequency of about 100 Hz. Velocity and turbulence measurements were taken on the tunnel centre-line at three distances, x, downwind of the source position (i.e. x = 0, x = 0.5 and x = 1.1 m). The mean velocity profile is plotted in Fig. 1c , this being the average of the profiles at the three positions. It was characterised by a logarithmic form up to about z = 0.5 m, with u * /U ref = 0.055 and z o = 1.6mm (see Fig. 1c ). This was also the height range in which the Reynolds stress u w was approximately constant.
The profiles of the dimensionless turbulence intensities (σ u , σ w ) and the Reynolds shear stress, u w , are plotted, respectively, in Fig. 2a , b in terms of their spatial averages over the three positions analysed; error bars (the standard deviation of the results) are included. The average power spectra of the longitudinal and vertical turbulence components are shown in Fig. 2c . Power spectra were obtained at the heights of the developing plumes (i.e. z between 0.3 and 0.4 m) and the figure shows the spatial averaged spectra at the three positions x and their variability (the standard deviation, represented as dashed lines). In the figures, f denotes the frequency (Hz) and n = f z/U (z) the normalised (i.e. dimensionless) frequency. Some flow measurements were also performed off-axis (with respect to the tunnel centre-line), exploring the area in which simulated plumes develop. Results (not shown) indicate that the flow was sufficiently homogeneous in the measurement area for the purposes of this work with lateral variation of U at the source height limited within 4 %. Based on the turbulence intensity levels and the 0.23 exponent of a power law fit to the mean velocity profile, the boundary-layer could be considered as a rough wall, neutral boundary layer. The increase in the normal and shear stresses near the ground, along with the greater variability between the results at the three locations, is probably due to 3-D effects in the vicinity of individual roughness elements. Buoyant emissions with a stack flow-rate of Q = 10 l/min were created by a three gas mixture of helium, air and propane in appropriate proportions. The propane trace gas concentration (typically between 0.25 and 2.4 % at the source) was changed from case to case as required to optimise the response of the detector used; air and helium were mixed in order to provide a buoyant plume with a density, ρ s , chosen in such a way that the density difference, = ρ a − ρ s (with ρ a the environmental air density) was maintained at ρ / ρ a = 0.79. All gas flow-rates were controlled and measured by three HI-TEC thermal, mass-flow regulators that had been previously calibrated with both a volumetric counter gas-meter and a bubble flow-meter. Some cases of neutrally buoyant plumes (i.e. ρ a = ρ s but with upwards momentum, so not a passive emission) were also studied for comparative purposes and used to determine the differences between buoyant and neutral plume behaviour. These were all single stack cases with D = 7.1 mm and a flow-rate Q = 20 or 30 l/min. , and g the gravitational acceleration (g = 9.81 ms −2 ). Point concentration measurements were carried out by using two FFIDs (fast FIDs, HRF 400 from Cambustion Ltd.) placed on the traversing system of the wind tunnel, sampling at the same position z above the wind tunnel floor and distance × downwind of the source, and fixed 50 mm apart in the y direction (i.e. cross-wind). The FFIDs were equipped with a 250 mm long and 1.2 mm internal diameter tube for calibration purposes around a second smaller tube that was the actual sampling tube (internal diameter 0.305 mm, estimated sample flow-rate 1.24 mg/s). The FFIDs response time measured during laboratory tests by their response to a large step concentration change was about 5 ms (between 5 and 95 % of a step change in concentration). Concentration maps at different distances downwind of the sources were obtained on a regular grid using a number of points between 130 and 340 per cross section. At each position the outputs from the FFIDs were recorded at a sampling frequency of 500 Hz for about 3.5 min. The stability and repeatability of the FFID calibrations were good throughout the measurements (calibration checks were performed every 1-2 h of continuous operation), with output voltage changes between one calibration and the successive usually <0.5 % and changes through a day usually <1 %.
Discussion of results

Stationarity of concentration time-series
The stationarity of the first four moments of concentration (i.e. mean, variance, skewness and kurtosis) was investigated using a methodology generally applied in full scale micrometeorology [33, 34] . Each concentration time-series (3.5 min long) was divided in four segments (each 52.5 s long) and, for each segment, i, the first four concentration moments were evaluated. These were expressed as: the average concentration c i , 
Segment number
Relative difference
Average Variance Skewness Kurtosis
(b)
the skewness:
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The symbol i indicates a time average over the segment i and the symbol a time average of the whole time-series. A stationarity index, S p i , was evaluated for each moment, p, and each interval, i, in a specific time-series from the difference between the p-moment calculated over the period i and that calculated for the whole time-series. S p i was obtained as the ratio of this difference and the p-moment calculated over the all time-series. A specific time-series was considered stationary if S p i was <0.5 for all values of i and p. In full scale micrometeorological measurements a variability of 0.5 is generally used as the threshold for the identification of non-stationary cases in fundamental research applications [34] . In Fig. 3a an example set of S p i values is shown for a stationary case (single plume at x = 300 mm) and in Fig. 3b an example of a non-stationary time series is shown, in which S 2 1 and S 4 1 are lager than 0.5 (two-source configuration with φ = 0 • at x = 150 mm).
A total of 5,324 time-series was analysed in this manner and 92.4 % were found to be stationary. In 71.4 % of the cases S p i was <0.25. The 7.6 % of non-stationary cases were predominantly found at plume boundaries where meandering of the plume and large scale vertical fluctuations create significant concentration fluctuations at relatively large temporal scales that can result in non-stationary signals unless the averaging time is suitably extended. This is compatible with the observations reported in full scale experiments [5] and in other wind tunnel experiments [10] that illustrate how the high intermittency observed at the edge of dispersing urban plumes can lead to difficulties in achieving representative statistics for concentration fluctuations, especially in full scale experiments.
Intermittency of the concentration time series
The intermittency, I, of the concentration signal was evaluated as I = 1 − γ , where γ is defined as the fraction of measurement time in which significantly "non-zero" concentrations are observed. In practice, this means the fraction of time in which the measured concentration is above a certain (small) threshold; in the present work the threshold for calculating γ was chosen as the maximum of 1 ppb and α c , with α = 0.05 and c the average concentration. This was selected because our analysis showed that a 1 ppb concentration was generally not distinguishable from background concentrations in the wind tunnel. Fast instrument response is important in the evaluation of I. The interface separating contaminant and clean air regions contains variations at scales smaller than those measurable by the FFID detector because of the instrument's limited time response. These fluctuations therefore appear mixed and convoluted in the measurements, implying that the intermittency results are an upper bound to the true values that would be obtained by a detector able to resolve all scales [4] . Because the concentration is zero outside the plume, conditionally averaged statistical parameters (i.e. in-plume data) can be obtained from conventional measurements and knowledge of I. This has not been done in the present work because the goal was best served by working with complete statistics. The most interesting form of conditioned measurements would probably be in-plume at fixed locations with respect to the instantaneous plume centre, but such data was not available.
The absolute value of I depends on source size, and the effect of size is known to be greater for elevated than ground-based plumes. However, the general features of the variation of I with x along the centre-line of an elevated plume are similar, no matter what the source size might be. I is zero ( γ = 1) at the source and then rapidly increases to a maximum value ( γ < 1), which is source-size dependent, before slowly decreasing again ( γ increasing; [7] ). Whether or not I returns to zero ( γ = 1) far downwind remains a moot point. In the experiments, the momentum and buoyancy length scales of the plume motion were such that the majority of the plume rise occurred in the region where I was increasing.
In Fig. 4a the intermittency, measured on the centreline of (1) the plume from a single source and (2) the combined plume from two sources at a range of angles, φ, is plotted as a function of x. The intermittency in the single and two-source plumes with φ < 30 • increased monotonically with x. The variations is more complex for two-source plumes with φ ≥ 30 • , where I initially decreases to a minimum at around x/H = 0.2-0.3 and then increases again. The dependence on the angle φ arises because at small values of φ the lower plume from the more downwind source, which is smaller and more concentrated, is "guided" into the centre of the larger upper plume by the counter-rotating vortex pair. In contrast, mixing is a slower and less 'efficient' process for large values of φ as the two vortex systems interact with opposing signs of vorticity. At large values of x, intermittency for the two-source configurations is less than for the corresponding single source cases for all values of φ. The present results cover the range x/H = 0.1-0.6, which is the region in which I is increasing ( γ decreasing) in the results of Fackrell and Robins [7] and where I decreases ( γ increases) with increasing source size. The observations in than the single plume and, consequently, I is smaller. Behaviour at very short range, less than about x/H = 0.3, reflects the fact that the two plumes have not significantly mixed over this fetch when φ ≥ 45 • , something that can be clearly seen in the lateral intermittency profiles (Fig. 4e, f) .
Vertical profiles of intermittency, measured in the centre-plane (y = y mid ) of the merging plumes at x/H = 0.1, are plotted in Fig. 4b for all configurations. The results show that vertical asymmetry is present for both the single and two-source configurations. The dependence on the angle φ arises because the nature of the merging process changes with φ, as discussed above. Figure 4c shows intermittency in the centre-plane of the single plume as a function of x at three different positions: the centre-line, a characteristic location on the upper edge of the plume and one on the lower edge. These locations are the points in the centre-plane of the plume (i.e. on y = 0 in the case of a single plume) where the concentration is approximately equal to 15 % of the centre-line concentration. Error bars, shown as 1 SD, were derived from several repeated experiments in nominally identical conditions. The results indicate that there is significant vertical asymmetry, with the lower part of the plume having, on average, lower intermittency than the upper part. The vertical asymmetry might well be an effect related to buoyancy because, in a buoyant plume, the lower part is stably stratified in contrast to the upper part that is unstably stratified. However, this behaviour is also observed in neutrally buoyant plumes (i.e. with ρ a = ρ s ) as shown in Fig. 4d (the equivalent to Fig. 4c for the plume from a single source with D = 7.1 mm, neutral buoyancy and two emission rates, Q = 20 and 30 l/min). Of course, this is not a 'passive' plume and the bending-over of the upwards emission rather than the buoyance may still be sufficient to generate asymmetry due to the internal dynamics of the plume. Furthermore, and in line with this argument, I is greater for the lower emission rate. It is possible that dispersion in the wind shear [35, 36] contributes to the vertical asymmetry in the plume. However, the asymmetry is also visible very near the stack (at x/H = 0.1) where the size of the plume is limited and the wind velocity changes by more than about 6 % through the plume and the turbulence intensity by <2 %. Furthermore, asymmetry due to plume rise is also clear in previous experiments on plume rise in uniform, laminar flow conditions [28] .
Many of the features noted above are made more clear by the lateral distributions of intermittency plotted in Fig. 4e , f. Profiles of intermittency at z = z p and x/H = 0.1 are shown in Fig. 4e for the different source configurations, whereas Fig. 4f shows equivalent data for x/H = 0.3. The intermittency distribution observed in a single developing plume is symmetrical, with I at minimum on the centre-line and zero at the edges and this is also the case for the combined plumes from two sources at x/H = 0.1 when φ ≤ 15 • . and for all φ at x/H = 0.3. However, at x/H = 0.1 there are two off centre-line minima and a local maximum at y = 0 for φ ≥ 45 • , reflecting the fact that the two plumes are far from fully merged at this location. Further downwind, at x/H = 0.3, merger seems to be far more advanced at the most obvious effect of the orientation is seen in the width of the distributions, being narrowest for φ = 0 • and broadest for φ = 90 • . A further manifestation of the mixing processes in seen in Fig.4b , where the profile for φ = 0 • is simply deeper than the others but shows no other sign of the two merging plumes. Figure 5 shows the ratio σ c / c in the centre-plane of the single plume as a function of x at three different locations in the plume: on the plume centre-line and at characteristic locations in the upper and lower edges. The results show that σ c / c is increased downwind of the stack and was lower on the centre-line than at the edges. The difference between the values in the upper and lower edges of the plume is modest but consistent (with the lower side showing lower σ c / c ) though the error bars reported in the figure generally span both sets of data.
3.3 Concentration probability density functions and power spectra The probability density function (PDF) of instantaneous concentrations fluctuations has been studied extensively (e.g. by Fackrell and Robins [7] ); it is generally expressed as PDF( χ ), 
normalized so that:
The probability density function is plotted in Fig. 6 at the three locations in the plume cross-section defined previously and used in Fig. 4c . The sharp peaks at c = 0 simply reflect the intermittency of the concentration field and are not an artefact of instrument noise. The associated power spectra, Sn, of the concentration fluctuations are shown in Fig. 6 ; these are plotted in normalised form as:
, where S C is the spectrum in standard units and f the natural frequency. The normalized frequency is n = fz U(z) , with U(z) the wind speed at the height z. Included in the figure is the n −2/3 line to indicate the inertial sub-range. All spectra show a limited and in some cases the absence of the inertial sub-range observed in other wind tunnel data [7, 37] , or in full scale experiments [38] . This could be due to the relatively low Reynolds numbers [39] of the present experiments. Low wind speeds and low emission velocity from the stack must be used to simulate buoyancy effects. A role could also be played by the limited response of the FFID instrumentation (response time 5 ms). The dimensionless frequency response of the FFID is equivalent to n ∼ 30-40 (taking f = 150-200 Hz) and therefore might well be the main reason for the rapid roll-off in the spectra. Note also that the spectral peak lies between n = 0.1 and 1.0 in the velocity spectra (Fig. 2c) but is much broader in the concentration spectra, being from n = 0.1 to 10. This difference is mirrored in the spectra presented in Fackrell and Robins [7] .
The results shown in Fig. 6a for the single plume at x/H = 0.1 and y = 0 indicate a significant difference in the shape of the PDF at the three locations, with larger χ being more frequent on the lower and stably stratified side of the plume. The power spectra in Fig. 6b (x/H = 0.1, y = 0) clearly show that the high frequency contributions are reduced in the upper part of the plume relative to the centre and the lower part. However, the low frequency contribution is greater and this implies that the characteristic time scales of concentration . Taken together, the PDF results show more exponential-like distributions at the plume edge, particularly the lower edge, than in the plume centre. The intermittency, I, is small at the plume centre at x/H = 0.1, which favours clipped-Gaussian-like forms, but is much larger at the edges, favouring exponential forms [6, 7, 40, 41] .
The development of the PDF and power spectrum with increasing downwind fetch along the plume centreline is demonstrated by the selection of results plotted in Fig. 7 for a single plume and for two-source configurations with φ = 0 • and 90 • . The results confirm the trend discussed above, in that the PDF evolves towards an exponential-like form (for non-zero concentrations) as x increases, as also argued by Csanady [3] and seen in the results reported, for example, in Yee et al. [4] . The development of the PDF is similar for the single and two-source plumes, though the approach to the exponential-like shape appears to be slower in the latter cases. As previously mentioned, this development is associated with an increase in I on the centre-line and, again, we emphasise that the results apply to a near-field region where the plume is becoming more intermittent as it is carried away from its source. Further downwind, especially in the upper and lower parts of the plume, near asymptotic behaviour is observed.
The associated power spectra, plotted as fS c / σ 2 c , show a clear peak (in an otherwise broad maximum) around a normalised frequency of n = 1, at small x, that shifts towards lower frequencies as x increases and merges into the general spectrum form at the farthest downwind location (x/H = 0.6). This peak is not observed in the wind velocity power spectra, so it is reasonable to associate it with the turbulence internally generated within the plume. This is in agreement with the observations reported in Hanna [37] , where two characteristic scales were assumed to be important in concentration fluctuations, and the integral time scale of concentration fluctuations within the plume was lower that that of the turbulent flow in which the plume was immersed. It should be noted that the general features of the PDFs and spectra in Figs. 6 and 7 were also observed in the non-buoyant emissions. Of course, these too were 'bent-over' plumes and much of the structure observed in the experiments derives from the interaction between the upwards emission, buoyant or not, and the cross-flow. However, buoyancy effects, when strong, may well modify or even determine the scale and intensity of the concentration fluctuations. The important structural difference, relative to passive dispersion, is the counter-rotating vortex pair that arises as a consequence of either upwards momentum or buoyancy in the emission. A truly passive release is generally produced in wind tunnel work by a horizontally directed released with an emission velocity equal to that of the local ambient flow and consequently generates a plume without an imbedded vortex pair.
For all the single plume cases, a fourth-order polynomial was fitted to the spectrum to obtain the frequency, f max , of the spectral peak and a corresponding length scale, L, evaluated as L = U(z)/f max . The scale L was then compared with the geometric radius R P of the plume, defined as R P = 0.5 √ D Y D Z , where D Y and D z represent, respectively, the horizontal and vertical diameters of the plume. These were empirically calculated from the measured concentration maps, as the vertical and horizontal extension of the contour at which the concentration was 10 % of the maximum observed in a whole map. The relation between L and R in a single plume is plotted in Fig. 8a , showing L = R p for R p less than about 100 mm (i.e. for relatively narrow plumes near the source, up to about x/H = 0.3) indicating that the spectra peaks correspond to eddies or vortices with a size equal to about half of the plume diameter, which is precisely the length scale of the vortices in the counter-rotating vortex pair. At greater distances downwind, x/H ≥ 0.6, the concentration fluctuations are influenced by the external turbulence and the power spectra (not shown) gradually becomes similar to that of vertical wind velocity with the maximum at frequencies below those associated with the size of the plume itself. Figure 8b shows equivalent results for two-source cases with φ between 0 • and 90 • . There is now more scatter in the data, with results for large values of φ being farthest from the 1:1 correspondence. It is clear in these cases that the spectral peak initially correspond to scales that are smaller than the radius of the merging plume, most obviously for φ = 90 • . The likely interpretation is that the eddy or vortex scale is related to that of the individual plumes, even during the mixing phase in which the identity of the plumes becomes blurred. This would arise if the vortex system was the counter-rotating pairs associated with the individual plumes rather than a larger single vortex pair associated with the combined plumes. This conclusion follows the analysis reported in [23] in which it was shown how the presence of the vortex pair in each of the two merging plumes influences the shape of the combined plume and how this depends on the angle φ. As already noted, at small values of φ the vortex pair guides the lower and more concentrated plume into the centre of the upper, less concentrated plume. For side-by-side plumes, at larger values of φ, the interaction of two adjacent vortices (which have opposite signs of vorticity) distorts the plume, creating a "downwash" effect through a downward vertical velocity in the centre of the combining plume, relative to a centre of mass that is actually rising.
The preceding observations support some general comments on the phases of development in the plumes from both the single source and source pairs. Three phases of plume development emerge. The first occurs very close to the source (for x/H ≤ 0.3 in the present cases) where the internally generated structure dominates the turbulence in the ambient flow. During this phase the concentration fluctuation power spectra have a broad peak at high frequency that appears to be associated with scales similar to the radius of the plume or, equivalently, to the size of the counter-rotating vortices. The peak frequency in the spec-tra does not increase significantly in the two-source configurations, even though the overall size of the combining plume increases, implying that during the first stage of the mixing the plumes maintain a degree of individual identity and the mixing takes place through the interaction of the vortex pairs that have developed within the individual plumes, thus generating fluctuations with characteristic scales significantly less than those of the combining plume (especially for large values of φ). The second phase, at x/H ≥ 0.3 is a transition phase in which there are significant contributions to the concentration fluctuations from both the turbulence internal to the plume and the external turbulence. The characteristics of the spectra and PDFs continue to evolve until the ambient turbulence becomes dominant. The third phase (for distances x/H > 0.6 in the present case) is one in which the concentration fluctuations appear to be dominated by the external turbulence present in the ambient flow. In this phase, the power spectra tend to have a shape similar to that of the spectrum of the ambient vertical velocity fluctuations. Three key factors determine the extent of the three regions, the separation between the sources, the orientation of the sources to the oncoming wind and plume rise. The fetch to the region where the plumes begin to interact directly increases with the distance between the sources. This is also dependent on the orientation and is most pronounced for side-by-side sources, that is φ = 90 • . The final phase, dominated by ambient conditions, sets in once plume rise is essentially complete and, therefore, is established further downwind as emission momentum and buoyancy effects become stronger. It is important to note that in the two-source cases there were no appreciable changes in the spectral peaks of the concentration fluctuations even though the merging process slowed the final adjustment towards a form similar to the power spectrum of the vertical velocity fluctuations. This implies that the vortex pairs in each of the individual plumes continue as the dominant structures during the merging phase with the two plumes retaining a level of identity, rather than combining to create a coherent structure with a scale determined by the overall dimensions of the combined plumes.
Concentration, variance, skewness and kurtosis
Details of the development of the plume structure are more readily presented in terms of moments of the concentration signal rather than the PDF or power spectra themselves. Figure 9 shows the variation along the centre-line (y = 0, z = z p for the single source and y = y mid , z = z p for the source pair) of the dimensionless mean concentration, C * , the dimensionless variance, V, skewness, S, and kurtosis, K. C * is defined as:
where Q is the combined emission rate. V, S and K are defined in Sect. 3.1. The dimensionless mean concentration, C * , plotted in Fig. 8a for all buoyant plume cases, appears to collapse onto a single curve at distances of about x ≥ 0.3H. At smaller x, concentrations associated with small values of φ(φ ≤ 15 • ) are larger than those associated with φ ≥ 30 • , simply because in the latter case merging of the two plumes is slower because of their lateral separation and the concentration on the centre-line is therefore less. In interpreting the remaining results it should be remembered that they apply to the phase of development of a single plume in which it is becoming more intermittent as it moves away from its source, and therefore is in the phase where the dimensionless variance is increasing. This behaviour is compounded in the twin plumes by the interaction between the two, which depends on the orientation, φ. The variation of the normalised variance, V, is shown in Fig. 9b , the skewness, S, in Fig. 9c and the kurtosis, K, in Fig. 9d . These all show a similar behaviour to C * ; for the twin The most likely explanation is that for x/H < 0.3 the results reflect conditions in the outer parts of the individual plumes, rather than the centre of a combined plume. The greater the lateral separation of the plumes, the greater the fetch before merging takes place, reflected in the minima of V, S and K being furthest downstream, at x/H = 0.3, for φ = 90 • . Vertical profiles of V, S and K at y = y mid for two-source cases and y = 0 for the single plume are shown in Fig. 10 at x/H = 0.1 and 0.6. Firstly, all three properties increase towards the plume edges, just as in passive dispersion, reflecting the increased intermittency there. Trends with orientation are most obvious in the variance, particularly at x/H = 0.1. In the lower part of the plumes there is a clear increase in the variance with φ (note that the scale is logarithmic) and this reflects the varying degrees of merger in the plume pairs; similar, though lesser, trends are seen in the results for S and K. Interpretation of the data further downwind, at x/H = 0.6, is made more difficult by the different degrees of plume rise, as witnessed by the locations of the minima in, say, V (see also Fig. 3 in [30] ). The plume pairs with φ = 0 and 15 • are the most affected. Plume rise is much less at x/H = 0.1 and consequently less of an issue in this respect. Another feature of Fig. 10a is that the differences due to orientation of the plume pairs, which has a great impact on the variance on and below the centre-line, has relatively little effect in the upper part of the plumes, something that is reflected to a lesser degree in Fig. 10c , e. Mean concentration cross sections of merging plumes are shown in Fig. 5 in [30] , for φ = 15 • and Fig. 6, for 90 • . In the former case, a near-classical vortex-pair structure appears to have been established at x = 447 mm (x/H = 0.45), but not in the latter case. Perhaps of more interest are the cross sections for φ = 90 • at x = 130 and 305 mm (x/H = 0.13 and 0.31). The most obvious difference in the structure at these locations relative to a single or well merged plume is the 'bulge' in the central, lower region. This is where two vortices of opposite sign (one from each of the two adjacent vortex pairs) are interacting, which is likely to be a rather unstable process and the reason for the differences noted, for example, in the variance profiles in Figure 10a .
Equivalent profiles in the crosswind direction in single and merged plumes are plotted in Fig. 11 . The measurements showed that concentration fluctuations were numerically at a maximum on the plume centre-line but as they did not decay with crosswind distance as rapidly as the mean concentration, the ratio σ c / c increases towards the plume edges, a well established feature of plume structure (e.g. see [6, 7, 15] ). As in Fig. 4e , the inefficient merging of plumes when φ ≥ 45 • leads to a peak in the V, S and K profiles on the centre-line (y = y mid ). By way of contrast, there is very little difference between the profiles in a single plume and in a pair of plumes when φ = 0 • .
Conclusions
In this work some statistical properties of the concentrations fluctuations in two merging, buoyant plumes are discussed and analysed by comparing their behaviour with that observed in a single developing plume and also in neutrally buoyant dispersion. The analysis, based on wind tunnel concentration data, refers to the first four moments of the concentration field, and to the intermittency, the probability density function and the power spectrum. Results for a single plume showed asymmetry in vertical profiles of the four moments in both buoyant and neutral emissions due to the internal structure that develops as the emission is bent-over in the cross flow (creating a counter-rotating vortex pair). This was also the case for the plume pairs but made more complex by the dependence of the interaction on the alignment of the plumes with the approaching flow. This asymmetry was also observed in the intermittency as well as in the PDFs and in the power spectra of the concentration fluctuations. Additionally and for geometrical reasons, the mixing process can induce horizontal asymmetry, not present in a single plume, depending on the alignment angle φ. The analysis identified three phases in the plume development in both neutral and buoyant plumes. The first, very near the stack, is dominated by turbulence generated within the plume, with concentration spectra showing distinct peaks that correspond to length scales that are comparable with the size of the vortex pairs in the individual plumes. A second phase follows at somewhat greater distances downwind where there are significant contributions to the concentration fluctuations from both the turbulence internal to the plume and the external turbulence. This is a transition phase in which the shapes of the spectra and the PDFs are evolving. A third phase (for distances x/H > 1 in the cases studied here) then follows in which the concentration fluctuations appear to be governed by the external turbulence present in the ambient flow. In this phase, the power spectra tend to have a shape similar to that of the ambient vertical velocity fluctuations. The merging of the two plumes mainly affects the first phase by controlling its extent in time and space through the interaction of the counterrotating vortex systems of the two individual plumes. Results show that the vortex pairs of the individual plumes continue to be the dominant structure in the mixing phase where the two plumes retain a degree of individual identity and the scales remain those of the vortex pairs rather than the overall dimensions of the combined concentration field. In general, the extent of the three phases is determined by the distance between the sources, their orientation to the approaching flow and plume rise, the latter dependent on both emission properties and the cross flow conditions.
The intermittency, variance, skewness and kurtosis along the centre-lines of the plume pairs were consistently less than found in a single plume for x/H > 0.3 (in the cases studied) but the variation with x was similar. However, for x/H < 0.3 there was a clear variation in these parameters with orientation, φ, that is related to the merging process between the vortex systems in the plume pairs and leads to a local minimum in the observed properties when φ ≥ 30 • . In these cases, the property differences are mainly found in the centre and lower sections of combined plumes with only minimal differences in the upper parts. These features remained at the farthest downwind location studied, x/H = 0.6, and, though diminished, they represent a structural modification of the concentration field in the combined plume, again associated with the role of the vortex pairs in the mixing process. It is the presence of the vortex pair in both the buoyant and neutral plumes that is mainly responsible for the differences between these classes of plume and that from a truly passive emission. Although the internal structure of plumes with significant buoyancy and upwards momentum is dominated by the counter-rotating vortex pair, the form of their development downstream from their source is not that dissimilar to that found in passive dispersion. The work described here treated the phase in which plume rise controlled the plume behaviour. This was also the region of development in which intermittency increased and the intensity of concentration fluctuations did likewise. Whether the plume rise, intermittency and fluctuation always develop on a common scale is something that needs to be investigated as in passive dispersion the only source property of relevance is the source size. There is also the question of behaviour once plume rise is essentially complete and how this matches with passive dispersion. Further experiments and investigations are needed to address these questions.
